T otal knee arthroplasty is a successful operation for patients with severe arthritis for whom nonoperative treatment has failed. Many studies have shown good long-term implant survivorship 1,2 although there are age-related differences 3 . Prosthetic design, surgical technique, surgeon experience, and overall alignment can all have a bearing on the success of the procedure. Computer navigation for total knee arthroplasty was first introduced in Europe in the 1990s, and there has been a widespread increase in its use throughout the world in the last decade. The proposed benefits of computer navigation for total knee arthroplasty include improved accuracy of both tibial and femoral component positioning and overall mechanical alignment. Most studies comparing computer navigation with standard total knee arthroplasty have demonstrated a greater number of patients with coronal mechanical axis alignment within 3°of neutral in the navigation group [4] [5] [6] [7] [8] [9] . Whether this improved alignment leads to a reduction in the long-term rate of revision is yet to be determined.
Most of the early studies investigating the use of computer navigation for knee arthroplasty have been performed in specialist orthopaedic centers, where the procedures were often done by highly experienced surgeons [10] [11] [12] . Orthopaedic surgeons tend to be early adopters of new technology, and it is important to determine the outcome of this technology in a broader population. Joint replacement registries collect and report data on patients who have undergone joint arthroplasty, and analyses can be performed on device and non-device-related characteristics 13 . Joint replacement registries also provide the ideal platform for monitoring the introduction of new technology at a population level. Computer navigation was introduced into Australia in 2001, and the Australian Orthopaedic Association National Joint Replacement Registry (AOANJRR) began collecting data on its use for knee arthroplasty in 2003. The aim of this study was to determine if there was a difference in the rate of revision after navigated total knee arthroplasty compared with that after non-navigated total knee arthroplasty.
Materials and Methods

T
his prospective study was designed to evaluate the rate of revision of computer-navigated total knee arthroplasty with use of registry data on the Australian population of patients who underwent total knee arthroplasty. The AOANJRR began data collection on September 1, 1999, and includes data on almost 100% of the arthroplasty procedures performed in Australia since 2002. 
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Registry data are validated against patient-level data provided by each of the state and territory health departments in Australia with use of a sequential, multilevel matching process. A matching program is run monthly to search for all primary and revision arthroplasty procedures recorded in the Registry that involved the same side and joint of the same patient, thus enabling each revision to be linked to the primary procedure. Data are also matched biannually with the Department of Health and Aging's National Death Index to obtain information on the date of death. In 2003, an addition to the form for total hip and total knee arthroplasty marked "computer assisted" was included, and this enabled information to be collected on the use and type of navigation. Data were analyzed for all procedures recorded from January 1, 2003, to December 31, 2012. The Registry records the reason for and type of revision of total knee arthroplasty and categorizes revision surgery as major or minor. A major revision involves the revision of either the tibial or the femoral component, or both. Minor revisions are all other revisions-usually patellar resurfacing and tibial insert changes. The cumulative percent revision was compared between the nonnavigated and navigated total knee arthroplasties over the same time period, and the impacts of age, sex, reason for revision, type of revision, and brand of navigation were assessed. Data were also analyzed according to the number of computer-navigated knee arthroplasties performed by the surgeons (ten or fewer, eleven to twenty-five, twenty-six to seventy, or more than seventy) to adjust for the influence of surgical volume on the rate of revision. The revision rates of prostheses of the same type were also compared between the no-navigation and navigation groups to adjust for the influence of known prosthesis-dependent revision rates after total knee arthroplasty.
Statistical Analysis
The AOANJRR uses Kaplan-Meier estimates of survivorship to describe the time to the first revision of an arthroplasty, with censoring at the time of death or closure of the database at the time of analysis. The unadjusted cumulative percent revision at the end of the first nine years after the primary arthroplasty, with an accompanying 95% confidence interval (CI), was calculated with use of unadjusted pointwise Greenwood estimates. The unadjusted cumulative incidence functions of the reasons for revision of navigated and non-navigated total knee arthroplasties were also calculated at the end of the first nine years. The hazard ratio (HR) was calculated with use of Cox proportional hazards models, adjusted for age and sex, and was used to make statistical comparisons of the revision rates between the groups. The assumption of proportional hazards was checked analytically for each model; if the interaction between the predictor and the log of the postoperative time was significant in the standard Cox model, then a time-varying model was used. For this study, the reported HRs pertain to the entire follow-up period. All tests were two-tailed at the 5% level of significance. Statistical analysis was performed with use of SAS software (version 9.3; SAS Institute, Cary, North Carolina).
Source of Funding
The AOANJRR is entirely funded by the Commonwealth of Australia's Department of Health and Aging.
Results
C
omputer navigation was used for 44,573 (14.1% of all) primary total knee arthroplasties recorded by the AOANJRR, and 270,545 (85.9%) were recorded as having been performed without computer navigation. The use of computer navigation for primary total knee arthroplasty increased from 2.4% of all procedures in 2003 to 22.8% in 2012 (Table I) . Computer 15, 2015 navigation was used in 239 of 304 hospitals performing total knee arthroplasty throughout the country. The Registry recorded the use of ten different navigation systems, with six systems used in more than 100 cases each and the majority of the arthroplasties performed with the aid of a Stryker (48.6%) or Brainlab (31.8%) system. The specific system was not recorded for 757 (1.7%) of the total knee arthroplasties for which navigation was used. The cumulative percent revision at nine years after nonnavigated total knee arthroplasty was 5.2% (95% CI = 5.1 to 5.4) compared with 4.6% (95% CI = 4.2 to 5.1) after computernavigated total knee arthroplasty (HR = 1.05 [95% CI = 0.98 to 1.12], p = 0.15) (Table II, Fig. 1 ). There was an interaction effect on the rate of revision between the use of navigation and the patient's age (p = 0.0282). There was a significant difference in the rates of revision of non-navigated and navigated total knee arthroplasties for patients less than sixty-five years of age. In that group, the cumulative percent revision at nine years following non-navigated total knee arthroplasty was 7.8% (95% CI = 7.5 to 8.2) compared with 6.3% (95% CI = 5.5 to 7.3) after navigated total knee arthroplasty (HR = 1.13 [95% CI = 1.03 to 1.25], p = 0.011). There was no significant difference between the rates of revision of non-navigated and navigated total knee arthroplasties for patients at least sixty-five years of age (Fig. 2) .
In patients less than sixty-five years of age, computer navigation led to a significant reduction in the rate of revision due Cumulative percent revision of primary total knee arthroplasty, according to whether computer navigation had been used and by age. Cumulative percent revision of primary total knee arthroplasty, according to whether computer navigation had been used. The shaded area represents the 95% CIs for the two sets of data.
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T 15, 2015 to loosening (the most common reason for revision) (Table III) , with a cumulative percent revision of 1.6% (95% CI = 1.3 to 2.1) at nine years compared with 2.6% (95% CI = 2.4 to 2.8) for those with non-navigated arthroplasty (HR = 1.38 [95% CI = 1.13 to 1.67], p = 0.001) (Fig. 3) . There was no difference between the navigated and non-navigated groups with regard to the percentage of knees revised because of infection or fracture.
The cumulative percent major revision of non-navigated primary total knee arthroplasty at nine years was 2.7% (95% CI = 2.6 to 2.8) compared with 2.1% (95% CI = 1.8 to 2.4) for navigated total knee arthroplasty (HR = 1.18 [95% CI = 1.07 to 1.31], p < 0.001) (Fig. 4) . There was no difference in the rates of minor revision between the arthroplasty groups. There was also no difference in the rate of revision between the non-navigated and navigated total knee arthroplasties when the rates were compared in each of the four surgeon-volume groups. Analysis of prosthetic fixation in patients less than sixty-five years of age showed the benefit of navigation to be more apparent in patients who had undergone all-cemented fixation than in those who had cementless or hybrid fixation (HR = 1.2 [95% CI = 1.05 to 1.38], p = 0.007). Cumulative percent major revision, according to whether computer navigation had been used. The shaded area represents the 95% CIs for the two sets of data. Cumulative percent revision due to loosening, according to whether computer navigation had been used, in patients less than sixty-five years of age. The shaded area represents the 95% CIs for the two sets of data.
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Discussion W e believe that this is the first study to demonstrate that the use of computer navigation reduced the rate of revision of total knee arthroplasty in younger patients in a population-based registry. Computer navigation for total knee arthroplasty has widespread acceptance in Australia and was used in >22% of all cases in 2012. This study demonstrates that a joint registry can be used to monitor the introduction of new technology within an entire population. A registry is the ideal vehicle for assessing the performance of new technology as it identifies problems and benefits in the "real world." There were early concerns that the introduction of navigation would increase operating times and the use of pin fixation would increase the rates of revisions due to infection and fracture. This study showed no difference in the percentage of knees revised for those diagnoses between navigated and non-navigated total knee arthroplasties, highlighting the Registry's role and importance in postmarket surveillance. While registries can often identify early problems with new technology 13 , demonstrating a benefit of navigation is more complex, particularly if the benefit is a reduced rate of revision. Modern knee prostheses have a low rate of revision. It is therefore likely that, if there is a benefit, identifying it requires long-term follow-up and a large sample size. The revision rates following total knee arthroplasty vary significantly with age, with younger age groups having a higher revision rate 3 . Therefore, if navigation has an effect on revision, it will more likely be detected in the younger age groups. The majority of total knee arthroplasties are performed in older age groups, in which the rate of revision is low and it would be more difficult to demonstrate that navigation reduces the rate of knee revisions, especially those due to wear-related issues such as loosening or lysis.
It is well established that navigation improves coronal mechanical alignment and reduces outliers from what is regarded as acceptable alignment. A systematic review of thirteen randomized controlled trials 14 showed a significant odds ratio of 2.32 (95% CI = 1.77 to 3.04, p < 0.00001) in favor of computer navigation obtaining satisfactory postoperative alignment-i.e., a neutral mechanical axis (±3°).
Alignment of the total knee prosthesis is believed to be important for long-term success 2, 15, 16 . However, Parratte et al. 17 , in a study of 398 patients followed for fifteen years after undergoing a total knee arthroplasty, did not show that mechanically well-aligned knees had better survivorship than those in which the axis was not within 3°of neutral. Bonner et al. 18 found only a weak tendency toward improved survival with restoration of a neutral mechanical axis. Despite these studies, it is important not to infer that alignment is not important after total knee arthroplasty. However, most studies of computer navigation for total knee arthroplasty have not shown the improvement in alignment to have any clinical advantage such as superior physical function, range of motion, patient-assessed outcomes, or rates of revision [19] [20] [21] [22] [23] [24] [25] [26] [27] . Three studies have shown improved patient outcomes associated with alignment. Choong et al. 28 , in a randomized controlled trial comparing conventional and navigated total knee arthroplasties, and Huang et al. 29 , in a follow-up study of the same group, demonstrated that patients with a mechanical axis within 3°of neutral had a significantly higher Knee Society score at one and five years. There was also improvement in the physical and mental components of the Short Form-12 health score at five years. Hoffart et al. 30 also showed an improvement in functional outcomes, with better Knee Society scores at five years, for navigated total knee arthroplasty compared with conventional total knee arthroplasty.
The strengths of our study include the number of patients involved, the use of population-based data including all surgeons performing total knee arthroplasty in Australia, and the longer-term follow-up. More than 44,000 total knee arthroplasties performed with the aid of computer navigation were analyzed, making this the largest study of navigated total knee arthroplasties reported, to our knowledge. These type of data can be obtained only from a national registry. Most reported trials on the use of computer navigation were from specialized centers at which high volumes of knee arthroplasties were performed. It could be argued that navigation is best suited for surgeons or centers performing lower volumes of procedures, as experienced surgeons may have a limited number of alignment outliers 31, 32 . While our study showed that surgeons who performed twenty-five or fewer procedures per year had a lower rate of revision when they had used navigation, this decrease was not significant.
The introduction of registry data collection to capture data on computer navigation for total knee arthroplasty coincided with its more widespread use in Australia. Before 2003, only a few specialized centers were performing computer navigation, whereas now it has widespread community acceptance. Our data include all total knee arthroplasties performed with and without navigation and thus include surgeons undertaking their first cases, those who had performed a small number of procedures, as well as those who had performed many hundreds of navigated total knee arthroplasties. Therefore, this study has strong external validity. There is evidence that surgeons can achieve good alignment with the first few navigated total knee arthroplasties that they perform 33, 34 . While the AOANJRR does not contain information on overall alignment, it showed significantly fewer revisions due to loosening/lysis following computer-navigated total knee arthroplasties. It may be expected that the effect of improved alignment would not be apparent until longer-term follow-up had been completed, when wear and loosening may become more important causes of revision. This would likely result in fewer major revisions with better alignment, which was shown in our study. Schnurr et al. 35 examined the results of 1121 consecutive primary total knee arthroplasties, including the last 342 conventional procedures and the first 779 navigated procedures done at their clinic. After a duration of follow-up of one to six years, the navigated technique was associated with a significantly lower revision rate, which was largely due to a reduced rate of aseptic implant loosening. That observation concurs with our findings and with our belief that longer-term follow-up is necessary to show the benefits of navigation. In the only other registry study on navigation for total knee arthroplasty, which was from Norway 36 and which included 1465 navigated total knee arthroplasties, the follow-up was short-term (a mean of less than two years) and it showed an increased rate of revision following computer-navigated total knee arthroplasty but the increase was significant for only one prosthesis. The authors suggested that longer-term follow-up in randomized controlled trials and registry studies was important. Although our results showed no difference in the rate of revision between navigated and nonnavigated knee arthroplasties in the population as a whole, there was a significant difference in the younger age group (less than sixty-five years of age). This group of patients has been consistently shown to have a higher rate of revision than older patients, and it may be important to consider the use of navigation in this select group. As has been demonstrated in multiple studies, improved alignment may well reduce the rate of revision due to loosening and lysis.
There are costs associated with the use of computer navigation, including those for the computer, camera, software support, and disposable items. All new technology comes at a price, and it is important to demonstrate cost-effectiveness. Gøthesen et al. 37 , using data from the Norwegian registry, employed a Markov model to compare the cost-effectiveness of computer-navigated total knee arthroplasty with that of conventional total knee arthroplasty. Sensitivity analysis demonstrated that, for sixty-year-old patients, the ten-year implant survival rate needed to rise from 89.8% to 90.6% for institutions performing twenty-five arthroplasties per year and from 89.8% to 89.9% for those performing 250 per year for computernavigated surgery to be considered cost-effective. Our study supported the cost-effectiveness of navigation for patients less than sixty-five years of age, who had a nine-year implant survivorship of 93.7% compared with 92.2% for those who underwent non-navigated total knee arthroplasty. Cost-effectiveness studies, however, may differ from country to country, depending on multiple factors, and would need to be carefully evaluated further.
There are some limitations to this study. Although the AOANJRR is confident that all procedures that were reported as navigated were navigated, it is possible that a small number of cases were navigated and not recorded as such. This would mean that some total knee arthroplasties in the non-navigated group could have been actually implanted with navigation. However, with more than 270,000 non-navigated knee arthroplasties in the Registry it is unlikely that this would make any difference in the rate of revision. Also, it is possible that navigation was abandoned during the procedure but recorded by the Registry as having been performed. As the study was based on intention to treat, this does not change the analysis. Some of the potential complications of using computer navigation surgery may not be reported to the Registry. These include pin track infections and fractures associated with pin insertion. Anecdotal reports in the literature have highlighted such concerns [38] [39] [40] , but clinical studies on navigation have not shown them to be major issues 14 . Our results demonstrated no difference between the percentages of navigated and non-navigated total knee arthroplasties revised for infection or fracture.
We also sought to analyze the different systems available for navigation, which were dominated in the Australian market by Stryker and Brainlab. The Stryker system was used essentially with Stryker implants, whereas Brainlab is a cross-platform design and has been used for large numbers for prostheses from several different companies (DePuy, Smith & Nephew, and Zimmer). The confounding variables of different knee systems and different navigation systems made it difficult to draw any firm conclusions about the benefits of any one particular navigation system.
This study showed that the use of computer navigation for total knee arthroplasty reduced the overall rate of revision as well as the rate of revision for loosening/lysis in patients less than sixty-five years of age and also reduced the rate of major revisions in the entire study population. Thus, we concluded that the use of navigation for total knee arthroplasty improves implant survivorship in younger patients treated with total knee arthroplasty and may be cost-effective in the long term. n 
